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Magnetic and martensitic transition behaviors of a Ni46Mn41In13 Heusler alloy were investigated by
differential scanning calorimetry and vibrating sample magnetometry. A unique martensitic
transition from the ferromagnetic austenite phase to the antiferromagneticlike martensite phase was
detected and magnetic-field-induced “reverse” transition was confirmed in a high magnetic field. In
addition, a large positive magnetic entropy change, which reached 13 J /kg K at 9 T, was observed
to accompany reverse martensitic transition. This alloy shows promise as a metamagnetic shape
memory alloy with magnetic-field-induced shape memory effect and as a magnetocaloric
material. © 2006 American Institute of Physics. DOI: 10.1063/1.2187414Ferromagnetic shape memory alloys FSMAs have re-
ceived much attention as high performance actuator materi-
als, since the report of a large magnetic-field-induced strain
by the rearrangement of twin variants in the martensite.1 To
date, several FSMAs, including Ni2MnGa,2 Fe–Pd,3 Fe–Pt,4
Ni–Co–Ga,5,6 Ni–Co–Al,7 and Ni–Fe–Ga Ref. 8 systems,
have been reported. From the viewpoint of practical applica-
tions, magnetic-field-induced martensitic phase transition is
more attractive than the rearrangement of martensite variants
for a magnetically driven actuator because a larger output
stress is expected. In Ni–Mn–Ga alloys, the shift of marten-
sitic transition temperatures, such as the martensitic transi-
tion starting temperature Ms and the reverse transition finish-
ing temperature Af, with application of a magnetic field, are
reported to be only 0.8–1.6 K under a field of 2 T, because
the difference in magnetization I between the martensite
and ausutenite phases at the Ms and Af is small due to the
phase transition from the ferro- or paramagnetic austenite
phase to the ferromagnetic marteisite phase.9 This fact means
that an extremely large magnetic field is required for
magnetic-field-induced martensitic transition, in Ni–Mn–Ga
alloys. In most other FSMAs, the situation is similar to that
in the Ni–Mn–Ga alloys,2–8 namely, the magnetic-field-
induced shape memory effect is difficult to obtain in the
conventional FSMAs.
Very recently, the present author’s group has found an
unusual type of FSMAs showing the martensitc transition
from the ferromagnetic austenite phase to the antiferro- or
paramagnetic martesite phase in the Ni–Co–Mn–In Heusler
alloy system and confirmed magnetic-field-induced reverse
martensitic transition MFIRT.10 An almost perfect shape
memory effect associated with this phase transition is in-
duced by a magnetic field and is called the metamagnetic
shape memory effect.10 This alloy system opens up the pos-
aElectronic mail: k-oikawa@material.tohoku.ac.jp
0003-6951/2006/8812/122507/3/$23.00 88, 12250
Downloaded 16 Jul 2008 to 130.34.135.158. Redistribution subject to sibility of utilizing the magnetic-induced shape memory ef-
fect. The Ni–Mn–In system is a basic ternary alloy system of
the Ni–Co–Mn–In alloy. Experimental studies of the mag-
netic properties in this system have only focused on the sto-
ichiometric composition the Ni2MnIn alloy.
11,12 The mag-
netic properties of the martensite phase and effect of a
magnetic field on the martensitic transition have not as yet
been reported, although the composition dependences of Ms
and Af and the Curie temperature Tc of the austenite phase in
the Ni2Mn1+xIn1−x alloys have been reported by Sutou et al.13
In the present study, the magnetic and martensitic transition
behaviors of the Ni46Mn41In13 alloy, which was selected as a
sample with a relatively high Tc and large I,14 were inves-
tigated, and the MFIRT from an antiferromagneticlike mar-
tensite phase to a ferromagnetic austenite phase was
confirmed.
A Ni46Mn41In13 alloy weighing about 20 g was prepared
by induction melting under an argon gas atmosphere. The
obtained ingots were cut into small pieces by a diamond saw
and homogenized at 1173 K for 24 h in a vacuum and then
quenched in ice water. The martensitic transition temperature
was determined by differential scanning calorimentry DSC
at heating and cooling rates of 10 K/min, and the magnetic
properties were determined by vibrating sample magnetom-
etry and a sample extraction method at heating and cooling
rates of 3 K/min. The Tc was defined as the minimum point
of temperature derivative of magnetization under a field
strength H of 0.05 T. Transmission electron microscopic ob-
servation and x-ray diffraction XRD of powder specimens
were conducted to identify the crystal structure of both aus-
tenite and martensite phases.
The selected area diffraction SAD patterns of the aus-
tenite and martensite phase of the Ni46Mn41In13 alloy are
shown in Fig. 1. For the austenite phase, 111L21 ordered
spots, characterized as the L21 structure, can be clearly ob-
served as shown in Fig. 1a. In addition, the lattice constant
of the L21 structure was evaluated as a=0.60163 nm from
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x /5220L21 extra reflections are observed as shown in Figs.
1b and 1c, respectively. Thus, the martensite phase con-
sists of a mixture of 14 M and 10 M structures, which was
also confirmed by the XRD pattern.
The thermomagnetization curves of the Ni48Mn41In13 al-
loy under magnetic field strengths of 0.05, 2, and 7 T are
shown in Fig. 2. The magnetization slightly decreases with
increasing temperature in the low-temperature region and
significantly rises around 223 K under a field strength of
0.05 T. Since the martensitic transition temperatures deter-
mined by DSC are Ms=234 K, Mf =204 K, As=222 K, and
Af =255 K, where the Mf and As are the martensitic transi-
tion finishing and reverse transition starting temperatures, re-
spectively, the increase of magnetization at around 223 K
can be explained as being due to the reverse martensitic tran-
sition. In the austenite phase region, the magnetization dras-
tically decreases in the vicinity of the Tc of 296 K after a
steady stage. The thermal hysteresis of the thermomagneti-
zation curves is significantly small.
Such a behavior in a low magnetic field, which shows a
step due to martensitic transition in the magnetization curve,
has also been reported in conventional FSMAs.2–8 The origin
of this magnetization jump of the conventional FSMAs in the
low magnetic field is a large magnetic anisotropy energy
difference between a martensite and an austenite phase, and
the magnetization jump vanishes or changes in a slightly
high magnetic field.2–8 In the Ni48Mn41In13 alloy, however, a
FIG. 1. SAD patterns taken from a austenite phase at room temperature,
and b and c martensite phase at 83 K in the Ni46Mn41In13 alloy.
FIG. 2. Thermomagnetization curves of the Ni46Mn41In13 alloy under vari-
ous magnetic fields.
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transition temperature is still observed in high magnetic
fields of 2 and 7 T as shown in Fig. 2. This result suggests
that the magnetic spin is reorientated during the martensitic
transition. The martensitic transition temperatures obviously
decrease with increasing magnetic field. The thermal hyster-
esis of the martensitic transition under the field of 7 T is
larger than those under lower magnetic fields. The reason for
this change is not clear at present. A large difference in mag-
netization, I, between the austenite and martensite phases is
preferred to obtain a large martensitic temperature shift, T,
induced by a magnetic field.10 Values of T determined from
the magnetization curves shown in Fig. 2 are plotted in Fig.
3. The difference in martensitic transition temperature be-
tween 0.05 T and 7 T is T=224.1 K. The T induced by
magnetic field change H is approximately given by the
Clausius–Clapeyron relation in the magnetic phase diagram,
T   I
S	H , 1
where I and S are the differences in magnetization and
entropy between the austenite and martensite phases, respec-
tively. The S of the Ni48Mn41In13 alloy is calculated from
the enthalpy data obtained by the DSC as 17.1 J /K kg. The-
oretical values of T calculated from Eq. 1 using H and
I shown in Fig. 2 are plotted with the experimental data in
Fig. 3, where the agreement between experimental and the-
oretical values is quite satisfactory.
Magnetization curves of the Ni48Mn41In13 alloy at vari-
ous temperatures are shown in Fig. 4a. The measurement
was conducted by heating from 100 K to 273 K. The mag-
netization curve in the martensite phase at 100 K is slightly
convex, while that in the austenite phase at 273 K shows
typical ferromagnetic behavior. The Arrott plot of the mag-
netization curve of the martensite phase is shown in Fig.
4b. I20 is obtained by extrapolation in H / I→0 from the
high magnetic field, namely, the spontaneous magnetization
is zero in the martensite phase. In addition, the temperature
dependence on the magnetic susceptibility 0.05 T of the mar-
tensite phase taken from zero-field-cooled ZFC and field-
cooled FC specimens are shown in Fig. 4c, where a mag-
netic field of 0.05 T was applied for the FC specimen. The
0.05 T of the ZFC shows a maximum although the 0.05 T of
the FC monotonously decreases with increasing temperature.
These facts suggest that the martensite phase is magnetically
inhomogeneous.
It is interesting to note that the curves at 180 and 200 K
FIG. 3. Magnetic field dependence of the Af temperature change in the
Ni46Mn41In13 alloy.show a metamagnetic phase transition from the antiferro-
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phase, which is in accordance with the thermomagnetization
behavior shown in Fig. 2. This magnetic behavior is similar
to that in NiCoMnIn alloys,10 and the metamagnetic shape
memory effect is also expected in this alloy. In addition, a
large magnetic-field-induced entropy change, Sm, is ex-
pected from the magnetization curves. The Sm can be ob-
tained from the magnetization curves using the Maxwell re-
lation:
Sm = 

0
H  I
T	dH . 2
The equation of the numerically integrating Eq. 2 using a
trapezoidal rule can be described as follows:
SmTavH 
H
2TI1 + 2k=2
n−1
Ik + In	 . 3
Here, Tav and T are the average temperature and tempera-
ture difference of two isothermal magnetization curves, re-
spectively, H is the changing step of the applied magnetic
field, and Ik is the difference of the magnetization at the
magnetic field kH between the two isothermal magneti-
zation curves, where k is the step number of the applied
magnetic field, and k=1 and k=n are corresponding to the
first step as H=0 and the last step as the maximal applied
field, respectively. The Sm value at 190 K for an average
temperature from two magnetization curves at 180 and
FIG. 4. a Magnetization curves of the Ni46Mn41In13 alloy at various tem-
peratures, b Arrot plot curves at 100 K, and c temperature dependence of
magnetic susceptibility of martensite phase under a magnetic field of 0.05 T.200 K in Fig. 4a are calculated by Eq. 3 and plotted in
Downloaded 16 Jul 2008 to 130.34.135.158. Redistribution subject to Fig. 5, where the T and H are 20 K and 0.5 T, respec-
tively. The maximum value of Sm reaches 13 J /K kg,
which is comparable with other magnetocaloric materials,
such as the Gd5Si2Ge2 alloy.15 This high value of Sm sug-
gests that this alloy system is promising as a candidate for
magnetocaloric materials.
In conclusion, magnetic and martensitic transition be-
haviors of Ni46Mn41In13 Heusler alloys were investigated,
and martensitic transition associated with metamagnetic tran-
sition was observed in this alloy system from the antiferro-
magneticlike martensite phase to the ferromagnetic austenite
phase. The magnetic-field-induced reverse martensitic transi-
tion was experimentally confirmed. Consequently, this alloy
system shows promise for use as metamagnetic shape
memory materials as well as magnetocaloric materials.
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